Lignin is a complex and irregular biopolymer of crosslinked phenylpropanoid units in plant secondary cell walls. Its biosynthesis requires three endoplasmic reticulum (ER)-resident cytochrome P450 monooxygenases, C4H, C3ʹ H and F5H, to establish the structural characteristics of its monomeric precursors. These P450 enzymes were reported to associate with each other or potentially with other soluble monolignol biosynthetic enzymes to form an enzyme complex or a metabolon. However, the molecular basis governing such enzyme or pathway organization remains elusive. Here, we show that Arabidopsis membrane steroid-binding proteins (MSBPs) serve as a scaffold to physically organize monolignol P450 monooxygenases, thereby regulating the lignin biosynthetic process. We find that although C4H, C3ʹ H and F5H are in spatial proximity to each other on the ER membrane in vivo, they do not appear to directly interact with each other. Instead, two MSBP proteins physically interact with all three P450 enzymes and, moreover, MSBPs themselves associate as homomers and heteromers on the ER membrane, thereby organizing P450 clusters. Downregulation of MSBP genes does not affect the transcription levels of monolignol biosynthetic P450 genes but substantially impairs the stability and activity of the MSBP-interacting P450 enzymes and, consequently, lignin deposition, and the accumulation of soluble phenolics in the monolignol branch but not in the flavonoid pathway. Our study suggests that MSBP proteins are essential structural components in the ER membrane that physically organize and stabilize the monolignol biosynthetic P450 enzyme complex, thereby specifically controlling phenylpropanoid-monolignol branch biosynthesis.
A s one of the major structural components of plant cell walls, lignin provides mechanical support for upright growth of vascular plants and creates the hydrophobic environment of the vascular bundle for its effective water transport 1 . However, the presence of lignin substantially impedes the cell wall processability 2 . Lignin is derived primarily from oxidative coupling of three phenylpropanoid monomeric precursors-p-coumaryl, coniferyl and sinapyl alcohols (collectively, called monolignols). After incorporation into the lignin polymer, these three monolignols give rise to p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units, respectively 1 ( Supplementary Fig. 1 ). Monolignol biosynthesis branches from the general phenylpropanoid pathway, which entails a sequence of central enzyme-regulated reactions, including three ER-resident cytochrome P450 monooxygenasecatalysed steps, that establish the key structural characteristics of monolignols 1 ( Supplementary Fig. 1 ). In Arabidopsis, the three monolignol biosynthetic P450 enzymes are cinnamic acid 4-hydroxylase (C4H, CYP73A5), p-coumaroyl ester 3ʹ -hydroxylase (C3ʹ H, CYP98A3) and ferulate 5-hydroxylase/coniferaldehyde 5-hydroxylase (F5H/CAld5H, CYP84A1). C4H catalyses 4-hydroxylation of the phenyl ring of the first aromatic compound cinnamic acid in the core phenylpropanoid pathway, producing p-coumaric acid, the common precursor for the formation of a variety of phenolics including monolignols/lignin, sinapoyl esters and flavonoids 3 . C3ʹ H acts as a key monolignol branch pathway enzyme, hydroxylating p-coumaroyl ester derivatives at the phenyl ring 3-position, which eventually results in the formation of G and/or S monolignols. F5H hydroxylates coniferyl alcohol/aldehyde at its ring 5-position specific for S-monolignol formation in angiosperms and/or for sinapoyl ester synthesis in the Brassicaceae family ( Supplementary Fig. 1 ).
Cytochrome P450 monooxygenases are the typical type-1 membrane proteins that usually anchor on the cytoplasmic surface of the ER via their amino-terminal transmembrane domain and extend their main protein folds to the cytoplasm. With such a topological feature, the phenylpropanoid-monolignol biosynthetic P450s are proposed to act as the anchor points and/or nucleation sites with which the operationally soluble enzymes in the pathway can associate to form the so-called metabolic channelling or metabolon 4, 5 . The organization of sequential pathway enzymes into a metabolon allows for the effective control of metabolic flux. Previous studies suggest that the early step phenylpropanoid-monolignol biosynthetic enzymes such as the PAL isoforms in tobacco cells and 4CL and HCT in Arabidopsis may loosely or transiently associate with P450 enzymes to form a metabolon/channelling [6] [7] [8] [9] . Furthermore, it has been demonstrated that the C4H and C3ʹ H isozymes of Populus trichocarpa might form heteromeric complexes to ensure their efficient catalytic activity 10 . Similarly, using fluorescence resonance energy transfer coupled with lifetime imaging, it has been revealed that Arabidopsis C4H and C3ʹ H co-localize on the ER membrane and may associate as homo-or hetero-oligomers 7 . However, the molecular mechanism governing C4H and C3ʹ H association and organization as part of the enzyme complex remains largely elusive.
Membrane-associated progesterone receptors (MAPRs) are a group of small, partially homologous proteins, which share a similar non-covalent cytochrome b5-like haem/steroid-binding domain 11 .
Despite the original term of MAPR, the identified MAPR homologues in mammals 12, 13 and yeast 14, 15 share no homology with the typical nuclear or other membrane-associated steroid receptors, and their functions do not link to the binding of progesterone 11 . Instead, those yeast and mammal proteins bind haem to their cytochrome b5-like haem/steroid-binding domains 16, 17 and functionally interact
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with a set of steroidogenic and drug-metabolizing P450 enzymes, through which they modulate the P450 enzyme activity [18] [19] [20] . The crystal structure of the cytosolic domain of the mammalian MAPR member, the progesterone receptor membrane component 1 (PGRMC1), unambiguously demonstrates that PGRMC1 does not function as an electron transfer protein; instead, its five-coordinated haem offers an open surface allowing the protein to form a stable dimer through hydrophobic stacking of the bound haem molecules 21 . The haem-dependent dimerization is crucial and a prerequisite for PGRMC1 interactions with P450s and other membrane proteins 21 . Therefore, PGRMC1 is more likely to be a membraneresident structural protein rather than a steroid hormone receptor.
The close orthologue of PGRMC1 in Arabidopsis was previously designated as membrane steroid-binding protein 1 (MSBP1) and was initially determined as a plasma membrane-localized protein.
A few steroid molecules were shown to bind to the protein in vitro, although their binding constants (K d ) are much higher than their physiological concentrations in Arabidopsis 22 ; therefore, MSBP1 was physiologically implicated in steroid hormone signalling to negatively regulate cell elongation 22 . Later, in light of its pleiotropic effects on plant growth and development, this protein was further redefined to localize in the plasma membrane-derived endocytic vesicles, and mediate the cycling of PIN2, the protein responsible for auxin basipetal transport, and the endocytosis of BAK1, a BR signal co-receptor, to regulate auxin redistribution and/or BR signalling 23, 24 .
In the present study, we a reveal different function of MSBPs. We demonstrate that MSBP1 and its closely related homologue MSBP2 predominantly reside on the ER membrane, where they form homomers and heteromers and commonly interact with the three monolignol P450 enzymes thus forming MSBP-P450 protein complexes. MSBPs are essential for the stability and activity of the interacting P450s and are necessary components guiding the channelling of metabolic flux specifically to the phenolic ester and monolignol biosynthetic pathways.
Results
Physical interactions of monolignol biosynthetic enzymes.
Arabidopsis C4H and C3ʹ H were suggested to potentially form homomers or heteromers 7 . To further explore the molecular basis of the observed association of monolignol P450s and their potential interaction with other lignin biosynthetic enzymes, we adopted a mating-based split-ubiquitin yeast two-hybrid (mbSUS-Y2H) system [25] [26] [27] to probe the potential physical interactions of C4H, C3ʹ H and F5H, as well as their interactions with the soluble lignin biosynthetic enzymes. In the mbSUS-Y2H system, the growth of yeast harbouring both bait and prey constructs on a 6-drop-out selective medium is an indication of positive physical interaction of the bait and prey proteins [25] [26] [27] . As a result of self-activation of the F5H bait construct triggering yeast growth on the selective medium ( Supplementary Fig. 2a ), only C4H and C3ʹ H were used as the baits. The potassium channel protein KAT1 known to form a homodimer 28 was used as a positive control. The mated yeasts harbouring KAT1 bait and prey constructs grew well on the selective medium, whereas the yeasts harbouring either C4H or C3ʹ H bait with KAT1 prey constructs did not (Fig. 1) ; nor did the yeasts harbouring one empty vector and one lignin enzyme construct ( Supplementary  Fig. 2b ). These findings validate the sensitivity and reliability of the adopted mbSUS-Y2H system. Since the P450 protein CYP93C1, the isoflavone synthase, was previously reported to be a C4H interaction partner in an immunoprecipitation-mass spectrometry (MS) analysis 29 , the Medicago truncatula homologue, MtCYP93C1, was also included in the study as a tentative positive control for P450-P450 interactions. As Fig. 1 shows, yeasts harbouring Arabidopsis C4H and MtCYP93C1 grew well on the selective medium, as did the yeasts harbouring KAT1 bait and prey constructs, confirming their direct physical interaction, and demonstrating an adequate sensitivity of the mbSUS-Y2H system in detecting the physical interaction of membrane P450 proteins. Surprisingly, when C4H, C3ʹ H and F5H were paired with themselves or with each other and co-expressed in yeast cells, no growth of yeasts was shown on the selective medium. Western blot detection revealed that at least C4H and C3ʹ H exhibited a similar or even higher protein concentration compared to MtCYP93C1 in the mated yeast cells ( Supplementary  Fig. 3 ), suggesting that the failure in detecting interactions of C4H, C3ʹ H and/or F5H in the mbSUS-Y2H assay is not due to unfavourable P450 protein expression and/or an insufficient detection sensitivity of the system. Instead, the data suggest that Arabidopsis C4H, C3ʹ H and F5H might not directly interact with themselves or with each other.
Since the electron-donor protein cytochrome P450 reductase (CPR) was documented to interact with P450 enzymes 30 , we also examined the potential interactions of AtC4H and AtC3ʹ H with the Arabidopsis CPRs ATR1 and ATR2 31 . Yeast cells harbouring either C4H or C3ʹ H with ATR2 survived well on the selective medium (Fig. 1) . In contrast, only weak growth was observed for yeast cells harbouring C4H and ATR1, and no growth for the cells harbouring C3ʹ H and ATR1 (Fig. 1) . These findings support the previous genetic discovery that ATR2 is the electron-donor protein preferentially involved in lignin biosynthesis 31 . Besides membrane proteins, nine known lignin-soluble enzymes (PAL1, PAL2, 4CL1, HCT, CSE, CCoAOMT1, COMT1, CCR1 and CAD4; Supplementary Fig. 1 ) were also selected as the prey proteins to probe their potential interactions with C4H and C3ʹ H. Only yeast cells harbouring C4H or C3ʹ H with 4CL1, and the cells harbouring C4H and CCR1, survived on the selective medium, indicating direct physical interactions of 4CL1 with C4H and C3ʹ H, and CCR1 with C4H ( Fig. 1 ). Pairing C4H or C3ʹ H with any other soluble enzymes did not lead to the survival of yeast cells on the selective medium. Except for CSE, all tested enzymes were expressed well in the yeast cells, exhibiting a detectable amount of recombinant proteins ( Supplementary Fig. 3 ). Those data indicate that C4H and C3ʹ H directly interact with only a couple of monolignol soluble enzymes.
C4H, C3ʹH and F5H associate together in vivo. The failure to detect mutual interactions of C4H, C3ʹ H and/or F5H in the mbSUS assay is unexpected, considering the previously reported association of C4H and C3ʹ H in both poplar and Arabidopsis cells 7, 10 . We therefore re-evaluated the previous observation of the P450 interactions via a similar bimolecular fluorescence complementation assay (BiFC) approach in Nicotiana benthamiana leaf epidermal cells 10 . Strong fluorescence signals were observed in N. benthamiana cells pairwise co-expressing C4H, C3ʹ H or F5H fused to the complementary N-or C-terminal half of the yellow fluorescent protein (YFPN or YFPC) molecule, respectively, confirming the spatial proximity or association of those P450 proteins in vivo (Fig. 2a) . Moreover, their fluorescence distribution exhibited a clear ER network pattern (Fig. 2a) . In contrast, co-infiltration of P450-YFPN with a transmembrane domain-containing C-terminal truncation of the ER-localized protein CNX1 (tCNX1)-YFPC, or with the empty BiFC vector, did not yield any YFP signal (Fig. 2a) .
The contradiction in the results of the BiFC and mbSUS-Y2H assays implies that the interactions of C4H, C3ʹ H and F5H observed via fluorescence imaging are most likely indirect; and additional proteins/factors may mediate their association in vivo. To validate this hypothesis, we explored the potential P450-membrane protein complexes in vivo. C4H, C3ʹ H and F5H were fused with a HA-PreScission-biotin (HPB) tag that was devised for purifying the low-abundance membrane protein complex 32 . We redesigned the expression cassette by replacing its original promoter with the Arabidopsis C4H promoter thus to ensure the expression of its drove genes in lignifying tissues (Supplementary Fig. 4a ). The designed pC4H::C4H-HPB and pC4H::F5H-HPB cassettes were respectively NaTuRE PLaNTS transferred into ref3-3 (C4H mutant) and fah1-2 (F5H mutant). Since C3ʹ H mutant lines exhibit severe growth defects and sterility, we generated C3ʹ H-HPB transgenic lines in the Col-0 wild type (WT) background. Expression of C4H or F5H-HPB largely rescued the growth defects (for ref3-3) and the defective accumulation of sinapoyl malate and lignin of the mutants ( Supplementary Fig.  4a ,d,e), validating that the P450-HPB fusions function properly in planta. The expressed P450-HPB proteins were then affinitypurified using streptavidin beads from the solubilized membrane proteins from the transgenic inflorescence stems. Liquid chromatography (LC)-MS analysis revealed that when C4H was used as bait, the polypeptides of both C3ʹ H and F5H were detected; conversely, when C3ʹ H or F5H was used as bait, C4H and F5H or C4H and C3ʹ H were isolated (Supplementary Table 1 ). These data further confirm that C4H, C3ʹ H and F5H are indeed associated together as a complex in vivo.
C4H, C3ʹH and F5H interact with MSBP proteins on the ER membrane. Interestingly, besides mutually pulling down C4H, C3ʹ H and F5H proteins in the HPB affinity-purification, two MAPR homologues, MSBP1 (AT5G52240) and MSBP2 (AT3G48890), were recognized in the C4H, C3ʹ H and F5H affinity-purified proteins (Supplementary Table 1 ), implying that both proteins are common interacting partners of the three P450s. These data are partly in agreement with a previous tandem affinity purification study of the C4H protein in induced Arabidopsis cell suspension cultures 7 . When MSBP1-or MSBP2-YFPC was co-expressed with one of three P450s-YFPN fusions in tobacco leaf cells, strong YFP fluorescence signals were observed and the fluorescence distribution appeared as an ER network pattern (Fig. 2b) , similar to those observed in the pairwise P450 BiFC assays (Fig. 2a) . These data suggest that MSBP1 and 2 are in close proximity to or associate with the three P450s in planta and they all co-localize on the ER membrane. When the three P450-HPB fusions were immunoprecipitated using anti-HA antibody from their stable Arabidopsis transgenic lines and the immunoprecipitated proteins were detected with the developed anti-MSBP1 antibody ( Supplementary Fig. 5 ), we found that MSBP1 co-immunoprecipitated along with all C4H, C3ʹ H and F5H proteins (Fig. 2c) . These findings further confirm the association/ interaction of MSBP with the three P450 enzymes. Furthermore, in the mbSUS-Y2H assay, the mated yeasts harbouring C4H or C3ʹ H bait and MSBP1 or MSBP2 prey grew well on the selective medium; whereas when C4H or C3ʹ H were co-expressed with an ion channel protein KAT1 in yeast cells, no growth was observed (Fig. 2d) . These data unambiguously confirm the direct physical interactions of C4H or C3ʹ H with MSBP1 and MSBP2 and again demonstrate the efficiency and sensitivity of the mbSUS-Y2H system in detecting the interaction of membrane proteins. Like F5H, both MSBP1 and 2 exhibited a self-activation effect when they served as the baits in the mbSUS-Y2H assay ( Supplementary Fig. 2a) ; therefore, it was not possible to monitor interactions of F5H with MSBPs via the mbSUS-Y2H system.
Confirming the ER localization of MSBP. MSBP1 was previously reported to localize on plasma membrane and endocytic vesicles 22, 24 . The observation of MSBPs interacting with ER-resident P450s prompted us to re-examine their localization. To avoid potential artefacts caused by over-accumulation of the proteins in cells, we generated transgenic plants expressing MSBP1-GFP (green fluorescent protein), driven by the MSBP1 native promoter. Among 53 Arabidopsis transgenic lines, 43 lines exhibited a GFP fluorescence signal that shaped as a typical ER network in their leaf epidermal cells (Fig. 2e) , which is similar to the lines expressing an ER marker protein SP-GFP-HDEL 33 (SP, signal peptide of pumpkin albumin; HDEL, His-Asp-Glu-Leu; Fig. 2e ). This observation strongly indicates the ER localization of MSBP. It should be noted that MSBP1-GFP fluorescence signals in the isolated protoplasts of a few transgenic lines displayed as irregularly shaped granules with
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Fig. 1 | Physical interactions of monolignol biosynthetic enzymes detected with mbsus-Y2H.
Arabidopsis C4H and C3ʹ H were used as bait; these and other indicated monolignol biosynthetic enzymes were used as prey. KAT1 and CYP93C1 were used as the controls. After serial dilution of 1-10 6 times (indicated at the top of the images), yeast diploid cells harbouring both bait and prey constructs grew on the growth (SC/− Trp (T), − Leu (L), − Ura (U)) and selective (SC/− Trp, − Leu, − Ade (A), − His (H), − Ura, − Met (M)) media, as indicated. Images were taken after incubation for 5 days at 28 °C. The experiment for each pairwise Y2H test was repeated at least twice (each with up to ten mated yeast positive colonies), and similar results were produced. Met, pMETYC-DEST vector under control of methionine-regulated Met25 promoter; XN22, pXN22-DEST vector (a high copy plasmid for constructing prey fusion 27 ).
variable size ( Supplementary Fig. 6 ). Since those cells often exhibited a relatively brighter fluorescence signal, the observed granular signals of MSBP1-GFP might be an indication of nonspecific protein aggregates, possibly due to their high level of accumulation, which do not seem to represent the plasma membrane-derived endocytic vesicles as previously suggested 24 . To further verify the observed ER 
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localization of MSBP1, we conducted two-phase partitioning on the prepared microsomal fraction from MSBP1-GFP transgenic lines, which separates the plasma membrane (upper phase) and endosomal membrane (lower phase) 34 . While the plasma membrane marker H + -ATPase was primarily present in the upper phase and the ER marker luminal binding protein (BIP) was present mainly in the lower phase (Fig. 2f) , MSBP1, similarly to BIP, was dominantly present in the lower phase (that is, the endosomal/ER membrane), although a trace amount of its immunosignal was detected in the upper phase (Fig. 2f) . These data confirm that MSBP1 is an endosomal membrane-localized protein and that it is present dominantly on the ER membrane.
Reciprocal co-immunoprecipitation of MSBP1 confirms its interactions with P450s. We then extracted membrane proteins from both MSBP1-GFP and SP-GFP-HDEL transgenic lines and performed immunoprecipitation using anti-GFP antibody, respectively. Immunoblotting against the immunoprecipitated proteins with the developed anti-C4H, C3ʹ H and F5H polypeptide antibodies ( Supplementary Fig. 5 ) indicated that all three P450s indeed co-immunoprecipitated with MSBP1-GFP, but not with SP-GFP-HDEL (Fig. 2g ). In addition, as a representative of monolignol soluble enzymes, PAL was probed with anti-PAL antibody 35 ; no immunosignal was detected in the MSBP1-GFP co-immunoprecipitated proteins (Fig. 2g) , suggesting specific interactions of MSBP with the membrane-bound P450s but not with the soluble ones. Those data also evidence that MSBPs act as common scaffold proteins specifically associating with C4H, C3ʹ H and F5H in Arabidopsis to mediate a membrane protein complex.
MSBP1 and MSBP2 form homomers or heteromers on the ER membrane.
Since the self-activation of MSBPs as bait proteins prevents the use of the mbSUS-Y2H system to detect their physical interactions ( Supplementary Fig. 2a) , we tested the possible association of MSBP1 and MSBP2 with themselves or with each other using the BiFC assay. On co-expression of MSBP1 and MSBP2 fused with a complementary half molecule of YFP in N. benthamiana leaf cells, a bright fluorescence signal was observed, whereas no fluorescence signal was observed in the cells expressing MSBP1-or MSBP2-half-YFP alone or with a complementary half YFP fused with tCNX1 (Fig. 3a) . In a co-immunoprecipitation coupled with immunoblotting analysis, while MSBP1-and MSBP2-myc proteins did not co-immunoprecipitate with tCNX1-HA, as detected by anti-HA antibody, both co-immunoprecipitated with either MSBP1-HA or MSBP2-HA (Fig. 3b ). These data demonstrate that MSBP1 and MSBP2 specifically associate with themselves and with each other to form homomers or heteromers in planta.
Downregulation of MSBP1 and MSBP2 impairs plant growth, phenolic biosynthesis and plant lignification. The transcripts of both the MSBP1 and 2 genes were detected in all of the examined Arabidopsis tissues but their abundance was slightly higher in the root, stem and silique than in the leaf and/or flower ( Supplementary  Fig. 7a ). Compared to that in the Col-0 WT, the expression of both genes was decreased approximately 50% in the nst1-2 mutant 36 , where a NAC master regulator primarily controlling interfascicular fibre secondary thickening is deficient, suggesting the potential correlation of MSBP1 and 2 with secondary cell wall/lignin formation ( Supplementary Fig. 7b ). To further assess the biological functions of MSBPs in phenylpropanoid-monolignol biosynthesis, two mutant lines, msbp2-1 (salk_042103) and msbp2-2 (salk_056475), were obtained from the Arabidopsis Biological Resource Center, each with transfer DNA inserted in the exon of MSBP2 ( Supplementary  Fig. 8a ). MSBP2 transcription was significantly suppressed in both msbp2 alleles (Supplementary Fig. 8b ), but the growth of both alleles was similar to that of the WT, and the accumulation of soluble phenolics was not affected (Supplementary Fig. 8c,d ). As no transfer DNA insertion mutant was available for MSBP1, we generated an RNA interference (RNAi) line for it in the Col-0 background. Three lines with MSBP1 transcripts lowered more than tenfold ( Supplementary Fig. 9a ) were selected for the detailed phenotyping and chemical analysis. As for msbp2 alleles, all MSBP1 RNAi lines showed no effect on their growth and accumulation level of soluble phenolics ( Supplementary Fig. 9b,c) . Since MSBP1 and MSBP2 share 61% amino-acid sequence identity ( Supplementary Fig. 10 ), and thus are potentially functionally redundant, the double knockdown lines were generated by transforming MSBP1 RNAi construct into msbp2-1 and msbp2-2, respectively ( Fig. 4 and Supplementary  Fig. 11 ). Among a large set of obtained double knockdown lines, three lines in the msbp2-1 background were picked for further investigation, in which both MSBP1 and MSBP2 transcripts were downregulated at least tenfold, and the MSBP2 transcripts were even further decreased compared to the msbp2-1 mutant itself, probably due to the off-target effects on MSBP2 of the MSBP1 small RNAs due to their high homology (Fig. 4a) . Immunoblotting using anti-MSBP1 antibody indicated that the MSBP1 protein level was significantly downregulated in those double knockdown lines (Fig. 4b) . When growing on 0.5× Murashige and Skoog plate, the two-or three-week-old seedlings of those double knockdown lines exhibited a very similar growth phenotype to the Col-0 WT, except a slight 'water-soaking' phenotype on their cotyledon/young leaves and slightly more lateral roots appeared ( Supplementary Fig. 12a,b) . Nevertheless, when the plants grew in soil and approached to their vegetative and reproductive growth stages, those lines showed smaller rosette leaves (Fig. 4c ) and shorter and weaker inflorescence stems (Fig. 4d) than the WT and msbp2-1. In addition, their siliques were much shorter and contained fewer seeds (Fig. 4e) .
To confirm whether the observed abnormal growth phenotypes resulted from the disruption of MSBP genes, we transformed MSBP2 back to the double knockdown line (line no. 1). Analysis by quantitative reverse transcription PCR (qRT-PCR) indicated that the expression of MSBP2 in the generated complementation lines was completely restored and its transcript abundance reached up to twofold that of the level of the WT (Supplementary Fig. 13a) . Consequently, the transgenic plants showed a rescued plant growth ( Supplementary Fig. 13b ), indicating that the growth defects are indeed caused by the downregulation of MSBP genes.
Compared with the WT, the accumulation levels of sinapoyl malate and sinapoyl glucose, the primary soluble phenolic esters in Arabidopsis seedlings and rosette leaves, were reduced up to 55.2% and 66.2%, respectively, in the MSBP double knockdown lines ( Fig. 5a and Supplementary Fig. 14) . In sharp contrast, the level of total flavonols did not show any reduction; in fact, it was increased about 54-83.7% in the examined lines (Fig. 5a ). When basal stems of sixweek-old plants were sectioned for phloroglucinol (Wiesner) staining, which measures total lignin content with violet-red coloration, the intensity of the staining was observably weaker in both vascular bundles and interfascicular fibres of the double knockdown lines compared to the WT and msbp2-1 single mutant, indicating a reduced lignin content in the vasculature of the double knockdown plants (Fig. 5b) . When traverse sections of the basal stem were stained with Mäule reagent, which indicates S-lignin subunits, similarly, a weaker staining was observed in both the interfascicular fibres and the xylem bundles of the double knockdown lines compared to the WT (Fig. 5b) . Subsequently, cell walls from 14-weekold fully matured plants ( Supplementary Fig. 12c ) were chemically measured for lignin content and composition. The data indicated that the total acetyl bromide lignin was reduced [16] [17] [18] [19] .3% in the examined double knockdown lines, compared to the level of the WT (Fig. 5c) ; the level of thioacidolytic monomers released from lignin was reduced up to 26.8% for guaiacyl subunits and ~53.7% for syringyl subunits, compared to the WT (Fig. 5d) . These data Articles NaTuRE PLaNTS demonstrate that simultaneous downregulation of MSBP1 and MSBP2 substantially compromises monolignol branch biosynthesis and plant lignification but does not affect flavonoid biosynthesis.
MSBP is essential for P450 enzyme activity and protein stability. MAPR proteins such as the yeast damage response protein related to membrane-associated progesterone receptors (DAP1) and human PGRMC1 were reported to affect P450 enzyme activities 37 . We evaluated whether the reduction of soluble phenolic esters and lignin deposition in the MSBP double knockdown lines was due to the altered P450 stability and/or activity. Due to the lack of available substrates for C3ʹ H activity measurement, and the technical difficulty in measuring F5H activity using plant microsomal preparation, C4H enzyme activity, as a representative, was determined in WT, ref3-3 (C4H mutant) and MSBP knockdown lines. Compared to the level in the WT, C4H activity displayed up to 52.8% activity reduction in the MSBP double knockdown lines (Fig. 6a) . As a control for the measurement, ref3-3 showed an 82.7% reduction in the C4H activity (Fig. 6a) . Immunoblotting revealed that, while no reduction for C4H, C3ʹ H and F5H protein level was observable in the msbp2-1 single mutant, there was a marked decrease in the levels of all three P450s in the double knockdown lines (Fig. 6b) . The level of soluble protein PAL, however, remained unchanged in those lines (Fig. 6b) . These data indicate that disturbing MSBPs impairs the stability of the three monolignol P450s.
However, at the transcription levels, there was no significant expression change for all three P450 genes in either the msbp2-1 single mutant or the MSBP double knockdown lines, compared with the WT (Fig. 6c) . Therefore, the reduction in the P450 protein levels and the impairment of the C4H activity are not due to the suppression of their gene expression.
Considering the potential role of MSBP in localizing P450s on the ER membrane, we further examined whether the ER localization of the P450s would be affected in the MSBP double knockdown lines. The total proteins were extracted from both the MSBP mutant and WT, separated into supernatant and microsomal fractions and then examined with anti-C4H and anti-C3ʹ H antibodies. Both the C4H and C3ʹ H immunosignals remained in the microsomal fraction of the MSBP double knockdown lines, similar to those observed in the WT (Fig. 6d) , suggesting no effect of downregulation of MSBP on the ER membrane localization of P450s.
Discussion
Cytochrome P450 enzymes play a central role in many metabolic processes. They interact with their electron donors such as the CPR and other proteins during microsomal monooxygenase 30, [38] [39] [40] . Although previous studies speculate that Arabidopsis and Populus C4H and C3ʹ H associate with each other to form a protein complex 7, 10 , the nature of the adopted detection approaches (that is, BiFC and fluorescence resonance energy transfer) do not necessarily permit discrimination of the spatial proximity or the direct physical interaction of the two partners 41, 42 . In the present study, while our BiFC and co-immunoprecipitation assays are consistent with those previous reports and confirm the association of C4H, C3ʹ H and F5H in vivo, we discover that those P450s do not exhibit detectable direct physical interactions with themselves or with each other in the mbSUS-Y2H system. By contrast, using the same system, we have monitored convincing interactions of those P450s with their redox partner ATR2, which agrees well with its previous functional demonstration 31, 43, 44 , and with a M. truncatula cytochrome P450 CYP93C1 (the enzyme does not biologically function in Arabidopsis but was demonstrated to associate with C4H in soybean for isoflavonoid biosynthesis 29 ). These results strongly argue that the mbSUS-Y2H system adopted in the study is sensitive and efficient enough to detect direct physical interactions of membrane-bound P450 proteins. Therefore, the inability to detect interactions among the three monolignol P450s is not due to the inefficiency of the experimental system; instead, it evidences that those monolignol P450s do not directly interact with each other to form a typical biochemical complex; they are more likely to be organized in close proximity on the ER membrane in planta via other structural factors.
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Consistent with this notion, we detected strong interactions of two Arabidopsis MAPR homologues, MSBP1 and MSBP2, with the three monolignol P450s. Arabidopsis MSBP1 and MSBP2 share common sequence similarities to mammalian PGRMC1 12 and yeast DAP1 14, 15 ( Supplementary Fig. 10 ). DAP1 and/or PGRMC1 were previously found to exist as dimers, tetramers or even larger multimers 16 . The crystal structure of the cytosolic domain of PGRMC1 further revealed its dimerization and perhaps oligomerization in the crystal latices 21 . Consistent with such studies, Arabidopsis MSBP1 and MSBP2 indeed associate/interact as homomers and heteromers (Fig. 3) . The common interactions of MSBP1 and 2 with the three monolignol P450s strongly suggest that MSBPs, through their self-interaction or oligomerization, serve as scaffolds to nucleate monolignol biosynthetic P450s into a multimeric protein complex or enzymatic cluster. With such organization, monolignol P450 enzymes could locate spatially in close vicinity but may not necessarily directly interact with each other. Potentially, forming such a P450 protein complex or cluster has several metabolic advantages. First, the complex may facilitate the electron transfer from the redox partner to the P450 monooxygenases. In the microsomal system, the ER-resident P450s are usually present in an amount largely excessive over that of its redox partner CPR at an approximate ratio of 10:1 to 20:1 30, 38 . In contrast, P450s 
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form a 1:1 ratio of functional CPR-P450 complex for their catalytic activities 30, 38 . Therefore, the MSBP-mediated P450 clustering might be critical to facilitate physical interactions of P450s with their redox partner CPR at subsaturating amounts for the electron transfer from the CPR to P450s. Second, the complex may act to stabilize the P450 proteins, to increase the local concentration of the enzymes within the particular ER membrane subdomain (to meet the metabolic requirement), and/or to exert an allosteric regulation effect on the P450 catalytic activity. This notion is evidenced by the observed substantial reduction in the C4H, C3ʹ H and F5H protein levels and the decrease in the enzyme catalytic activity of C4H, along with the simultaneous downregulation of MSBP1 and 2 (Fig. 6) . The effects of MSBPs on the stability and activity of monolignol P450s is reminiscent of the yeast orthologue DAP1 that was reported to target cytochrome P450 Erg11p (also known as Cyp51p) to regulate yeast ergosterol synthesis. The Erg11p protein level was downregulated in dap1∆ mutant cells 15 , suggesting that P450 stability can be regulated by MAPR proteins. Third, the MSBP-mediated P450 complex may build up a basis for a specific phenylpropanoid-monolignol metabolic channelling or a metabolon, in which the clustered P450s act as the nucleation sites to potentially associate the consecutive pathway enzymes. Consistent with the previous study showing that 4CL1 partially associates with the ER membrane along with expression of C4H and C3ʹ H 7 , our mbSUS-Y2H assays reveal that the soluble enzyme 4CL1 (and CCR1) directly interacts with C4H and C3ʹ H, which confirms that a physical enzyme complex or metabolic channelling might exist in the entry point step of the monolignol biosynthetic pathway that regulates carbon flux for monolignol formation. The downregulation of MSBP genes substantially impaired lignin deposition and the accumulation of monolignol branch phenolics, but did not compromise flavonoid branch biosynthesis, although C4H stability and activity were substantially impaired. Interestingly, the Arabidopsis genome encodes only one copy of C4H and the C4H-catalysed hydroxylation of aromatics leads to the common biosynthetic intermediate for both flavonoid and monolignol formation. The observation of specific impairment of monolignol but not flavonoid biosynthesis on downregulation of MSBP implies that Arabidopsis C4H at the molecular level might be spatially and physically involved in different 
phenylpropanoid branch pathways; only a portion of C4H that interacts with MSBPs is specifically responsible for monolignol synthesis. In other words, MSBP-mediated association of P450s (C4H, C3ʹ H and F5H), as a physical mechanism, functions specifically in regulating monolignol branch biosynthesis but not in the organization of flavonoid synthesis. As an alternative explanation, flavonoid and monolignol biosynthetic processes may occur in distinct cell types or different tissues, and MSBP-mediated P450 organization presumably takes place primarily in the lignifying cells or tissues. However, the observed ubiquitous expression of MSBP genes in Arabidopsis apparently does not support such a notion. Arabidopsis MSBP1 was previously reported as a plasma membrane-localized protein and probably functions as a steroid/BR hormone signalling component negatively affecting cell elongation 22 . Our studies with GFP-mediated subcellular localization and twophase membrane partitioning clarify that MSBP1 is predominantly an ER-resident protein. Consistent with the findings in yeast and mammals that MAPRs mediate a number of rapid cellular effects that do not involve the change of gene expression 11 , downregulation of Arabidopsis MSBP genes do not impair the expression of those monolignol P450 genes, although P450 activity and lignin biosynthesis are substantially affected. Those data suggest that the primary role of MSBP may not be as a receptor or mediator involved in steroid hormonal signalling and gene expression regulation processes as previously suggested 22 . However, it should be noted that MSBP genes exhibit broad and constitutive expression in the examined Arabidopsis tissues. The downregulation of MSBP genes triggers substantial morphological and growth abnormality of mature plants, implying that the MSBP proteins may participate in multiple biological processes, as do their MAPR orthologues in yeast and mammals.
As MAPR family members, MSBP homologues can be found in many plant species (Supplementary Fig. 15 ). Among them, three orthologues that show more than 60% sequence identity (with more than 70% sequence coverage) at the amino-acid level with both Arabidopsis MSBP1 and 2 are recognized in P. trichocarpa ( Supplementary Fig. 15 and Supplementary Table 2 ). One such homologue is expressed at a high level in the developing xylem of poplar, based on a previous transcriptomics study 45 (Supplementary  Table 2 ). These data indicate that the detected physical mechanism of MSBP in organizing monolignol biosynthesis might be broadly adopted in different plant species. It is of high interest to further explore the roles of MSBP homologues of different vascular plants in lignin biosynthesis. Col-0 L1 L3 C4H enzyme activity (nmol mg Individual values (colour-coded dots) and means (bars) of three experimental replicates using RNAs from ~50 two-week-old seedlings are shown. No statistical difference was observed compared to the Col-0 WT control in two-tailed t-test analysis, except for L1 F5H with P = 0.0244 and L2 C3ʹ H with P = 0.0204, which are indicated with *P < 0.05. d, Immunoblot detection of C4H and C3ʹ H protein levels in different protein fractions. After ultracentrifugation, the volume of the pelleted microsomal proteins (P) was brought to equal those of the total (T) and supernatant soluble (S) protein fractions, and then an equal volume of protein solution of each fraction was loaded for each genotype. For b and d, the Ponceau S-stained gel images (monitoring RuBisCO) serve as loading controls; the experiments were repeated twice independently, and similar results were produced.
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Methods Plant growth conditions. Arabidopsis thaliana seeds were sterilized by 70% ethanol for 10 min, dried on a clean bench and plated on 0.5× Murashige and Skoog (Sigma) medium containing 0.7% agar and 1% sucrose. After stratification at 4 °C for 3 days, the seeds were germinated and grown for two weeks at 22 °C under a 16/8 h light/dark cycle at 125 μ mol m -2 light intensity. The plants were then transferred to soil (Sungro) and grown until mature under the same conditions. Nicotiana benthamiana plants were grown for 4-6 weeks under the same growth conditions before use for transient expression studies.
Mating-based split-ubiquitin yeast two-hybrid assay. For the yeast two-hybrid assay, we followed a standard protocol for the mating-based split-ubiquitin system 27 . Briefly, lignin biosynthetic genes were amplified from Col-0 WT complementary DNAs by RT-PCR using the primers listed in Supplementary Table 3 and cloned into the pDONR207 entry vector (Invitrogen). Those genes were then subcloned into the pMetYC-DEST vector to generate the bait constructs, and/or into the pXN22-DEST vector to generate prey constructs. The bait and prey constructs were transformed into THY.AP4 and THY.AP5 yeast strains and selected on SC/− Leu and SC/− Trp plates, respectively. After mating, the diploid cells harbouring both constructs were selected on SC/− Trp, − Leu, − Ura plates. Positive cells were serially diluted and plated on the selective medium SC/− Trp, − Leu, − Ade, − His, − Ura, − Met. Images were taken after 5 days of growth.
Gene cloning and generation of transgenic plants. The genomic pieces of C4H, C3ʹ H, F5H, MSBP1 and MSBP2 were amplified from genomic DNA with the primers listed in Supplementary Table 3 , and cloned into the gateway entry vector pDONR207 (Invitrogen). The three P450 genes without a stop codon were then subcloned into a modified vector, pMDCpC4H-HPB, derived from pMDC32-HPB 32 with replacement of its 35S promoter by the C4H gene promoter to ensure their expression in lignifying tissues. The resulting constructs were then respectively transformed into ref3-3 (for C4H), Col-0 WT (for C3ʹ H) and fah1-2 (for F5H) backgrounds. As a control, the pC4H-HPB empty vector was transformed into the Col-0 WT. The MSBP1 gene was subcloned into the pB7GWIWG2(II) vector 46 to generate a MSBP1 RNAi construct that was then transformed into the Col-0 WT, and msbp2-1 and msbp2-2 mutants, respectively, to generate RNAi lines in each background. MSBP2 was subcloned into pMDC32 to generate a 35S promoter-driven MSBP2 construct, which was transformed into one MSBP1 RNAi line in the msbp2-1 background for complementation testing.
Affinity purification of P450 protein complexes and LC-MS analysis.
Arabidopsis plants were grown for 5 weeks in soil and 15 g of stem tissues was collected for protein extraction. Protein extraction and membrane protein complex purification followed the protocol previously described 32 . Proteins were treated with either in-gel trypsin digestion (first repeat) or direct on-bead trypsin digestion (second repeat). For in-gel trypsin digestion, proteins were first eluted by boiling the protein-bound magnetic beads for 5 min in 1 × SDS loading buffer and then resolved on a 10% SDS-PAGE gel and stained with Coomassie blue R250. Protein gels for the control and P450-HPB samples were sliced for the in-gel digestion. Excised gel pieces were destained, reduced, akylated and digested with trypsin (Promega Gold, Mass Spectrometry Grade) essentially as described previously 47 . For on-bead trypsin digestion, the washed protein-bound magnetic beads were resuspended in 8 M urea, 25 mM NH 4 HCO 3 . The proteins in the suspension were reduced with 4.1 mM dithiothreitol for 30 min at room temperature and akylated in the dark with 8.5 mM iodoacetamide for 30 min at room temperature. The protein suspension was then diluted to 1.7 M urea with 25 mM NH 4 HCO 3 and digested with trypsin at 37 °C for 18 h. The resulting concentrated peptides were brought to 2% formic acid (FA) and desalted with Pierce C18 Micropipette Tips using FAcontaining solutions with varied acetonitrile (ACN) content essentially as described in the vendor's bulletin. The solvent was removed from the eluted peptides using a vacuum centrifuge and the resultant dried peptides were dissolved in 2% ACN, 0.1% FA (buffer A). The peptide mixture was analysed by automated microcapillary LC-tandem MS (ThermoFinnigan). Full MS spectra were recorded on the peptides over a 400-2,000 m/z range, followed by the top five tandem MS scans in the ion trap sequentially generated in a data-dependent manner on the first, second, third, fourth and fifth most intense ions selected from the full MS spectrum (at 35% collision energy). Charge-state-dependent screening was turned on, and peptides with a charge state of + 2 or higher were analysed. Mass spectrometer scan functions and HPLC solvent gradients were controlled by the Xcalibur data system (ThermoFinnigan). MS/MS spectra were extracted from the RAW file with Readw. exe (http://sourceforge.net/projects/sashimi). The MS/MS data were searched with GPM X!Tandem with an expectation value of 0.01 or Inspect with a P value of 0.05 against a custom database downloaded from Uniprot of the A. thaliana proteome with added sequences for common contaminants (for example, keratins). Fixed cysteine carbamidomethylation and optional methionine oxidation and threonine, serine and tyrosine phosphorylation were applied during the search.
Bimolecular fluorescence complementation assay. Each gene was cloned into pDEST-GW VYNE or pDEST-GW VYCE vectors 48 to generate BiFC constructs. The coding sequence of the C-terminal transmembrane domain of a typical ER protein CNX1 was cloned into pDEST-GW VYCE to be a negative control. The constructs were transformed into the Agrobacterium strain GV3101. Overnight cell cultures were collected and re-suspended in AS medium containing 10 mM MES-KOH (pH 5.6), 10 mM MgCl 2 and150 μ M acetosyringone to OD 600 nm at 0.7-0.8. The working suspensions were prepared by mixing at a 1:1:1 ratio the three Agrobacterium strains, respectively, carrying the YFPN fusion, the YFPC fusion and the gene-silencing inhibitor pBA-HcPro 49 . The Agrobacterium suspensions were then co-infiltrated into the abaxial surface side of 4-6-week-old N. benthamiana plant leaves. The fluorescence of the epidermal cell layer of the lower leaf surface was examined at 2-4 days after infiltration. Fluorescence images were captured via a Leica TCS SP5 laser scanning confocal microscope with an excitation wavelength of 514 nm and an emission wavelength of 520-535 nm for YFP signals and 630-720 nm for chloroplast autofluorescence signals.
Co-immunoprecipitation and immunoblot analyses. Total proteins from homogenized tobacco and Arabidopsis tissues were extracted using buffer containing 50 mM Tris-HCl (pH 7.5), 2 mM EDTA, 150 mM NaCl, 10% glycerol, 0.2% 2-mercaptoethanol, 1% Triton-X 100, 2% polyvinylpolypyrrolidone and 1 × complete protease inhibitor cocktail. EZviewRed Anti-HA Affinity Gel Beads (E6779, Sigma) and GFP-Trap_MA Beads (gmta-20, Chromotek) were used for immunoprecipitation for HA-and GFP-tagged proteins, respectively. The affinity beads were washed with washing buffer (25 mM Tris-HCl pH 7.5, 1 mM EDTA, 150 mM NaCl, 0.25% NP-40, 1 × protease inhibitor cocktail). Immunoblots were performed according to the enhanced chemiluminescence western blotting procedure using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific). The antibodies used in the immunoblots include commercial monoclonal antibodies anti-HA (HA.11 clone 16B12, Covance), antic-Myc (9E10): sc-40 (Santa Cruz Biotechnology) and anti-GFP (JL-8, Clontech) and the developed polypeptide polyclonal antibodies against MSBP1 (Cys-PGKTVVDKSDDAPAETVLKKEE), C4H (Cys-PGQSKVDTSEKGGQFS), C3ʹ H (Cys-TPRLPSDLYKRVPYD), F5H (Cys-RDPTSWTDPDTFRPSRFLEPGVPDFK) and PAL 35 from Pacific Immunology (Cys, cysteine).
MSBP1 subcellular localization, membrane two-phase partitioning and immunoblotting.
To generate the native promoter-driven MSBP1:GFP construct, a genomic fragment of MSBP1 was amplified using the primers ATTB1-pMSBP1-F and ATTB2-MSBP1-R (no stop) listed in Supplementary Table 3 and cloned into the PGWB404 vector 50 . The pMSBP1::MSBP1-GFP construct was transformed into the Col-0 WT to generate transgenic plants. Fluorescence images were captured via a Leica TCS SP5 laser scanning confocal microscope with excitation at 488 nm and an emission wavelength of 493-560 nm for GFP signals. The membrane preparation and two-phase partitioning were carried out as previously described 51 .
Immunoblots were probed with antibodies against GFP (JL-8, Clontech), Arabidopsis ER membrane BIP (COP-080017, Cosmo Bio), and Arabidopsis plasma membrane H + -ATPase (AS07-260, Agrisera) as previously described 51 .
Soluble phenolics and lignin quantification. For soluble phenolics identification and quantification, three biological replicates of about 0.5 g 2-week-old seedlings (at least 30 seedlings) and 4-week-old leaves (from at least 6 plants) were ground into powder in liquid N 2 and extracted overnight at 4 °C with 80% (v/v) methanol (4 ml g −1 tissue) containing 80 µ M chrysin as an internal standard. For chemical identification, 10 µ l of extract was subject to the Thermo Scientific Dionex Ultimate 3000 UHPLC system connected to a Thermo Q Exactive Plus mass spectrometer. The samples were resolved through a UHPLC C18 column (Luna, 150 mm × 2.1 mm, 1.6 μ m, Phenomenex) operated at 25 °C. The mobile phases were 0.1% acetic acid aqueous solution (A) and 0.1% acetic acid in ACN (B). The gradient programme was 5% B (at 0 min); 50% B (at 20 min); 99% B (at 22 min); 99% B (at24 min); 5% B (at 25 min); and 3 min for column equilibration before each injection. The flow rate was 0.2 ml min −1
. The mass spectrometer parameters were optimized as follows: sheath gas flow rate 40 units; aux. gas unit flow rate 10; capillary temperature 350 °C; aux gas heater temperature 250 °C; spray voltage 3.5 kV (for ESI+ ); and S lens RF level 60. Full scan data in positive mode were acquired. For routine quantification of the identified phenolics by HPLC, 25 µ l of extract was injected onto an Agilent 1100 HPLC system with a gradient of solvent B (0.1% acetic acid in ACN) in solvent A (0.1% acetic acid in water) as follows: 5% B (at 2 min); 50% B (at 30 min); 100% B (at 32 min); 100% B (at 34 min); and 5% B (at 35 min); at a linear flow rate of 1 ml min −1 in a reverse-phase C18 column (Luna C18 (2), 5 mm; Phenomenex). The detection wavelengths were 280, 254, 310, 330 and 510 nm, and the DAD signal was recorded from 200 to 800 nm for peak characterization. To quantify the content of soluble phenolics, the ultravioletlight-absorptive area of a particular peak from each sample was first normalized to that of the internal standard (chrysin), and then calibrated with the standard curve of sinapic acid (for sinapoyl malate and sinapoyl glucose) and kaempferol (for K1, kaempferol 3-O-(6ʹ ʹ -O-(rhamnosyl)glucoside) 7-O-rhamnoside; K2, kaempferol 3-O-glucoside 7-O-rhamnoside; K3, kaempferol 3-O-rhamnoside 7-Orhamnoside) established in the same HPLC. The sum of K1, K2 and K3 is defined as total flavonols.
Lignin was monitored histochemically using 50-μ m-thick cross-sections from the first basal node of the 6-week-old stems following standard protocols NaTuRE PLaNTS for phloroglucinol (Wiesner) and Mäule staining 52 . Total lignin and monomeric composition of lignin was measured using three biological replicates of 14-week-old fully matured stems (at least 6 plants per replicate) by the acetyl bromide method and the thioacidolysis method previously described 53 . Statistical analysis was carried out using the two-tailed t-test on the basis of the data from three biological replicates.
Microsome preparation and C4H enzymatic activity assay. Ten grams of 3-weekold Arabidopsis seedlings grown on a 0.5× Murashige and Skoog plate were collected as one biological replicate for microsome preparation following previously described methods with some modifications 54, 55 . Three biological replicates were carried out. Briefly, plant tissues were homogenized with 25 ml 100 mM potassium phosphate (pH 7.5) buffer containing 0.4 M sucrose and 5 mM 2-mercaptoethanol. The homogenate was filtered through two layers of mirocloth and centrifuged twice at 10,508 g for 15 min, the supernatant was further centrifuged at 100,000g for 1 h. The microsome pellet was resuspended in 500 μ l 100 mM potassium phosphate (pH 7.5) buffer containing 0.4 M sucrose and 3.5 mM 2-mercaptoethanol. The microsome protein concentration was measured using the Quick Star Bradford Protein Assay kit (Bio-Rad). For the C4H enzymatic activity assay, 50 μ l of microsome preparation was pre-incubated with 440 μ l 100 mM potassium phosphate (pH 7.5), 10 μ l 10 mM cinnamic acid at room temperature for 5 min; the reaction was then started by adding 10 μ l 50 mM NADPH and incubated at 30 °C for 45 min. The reaction was stopped with 20 μ l 6 N HCl and partitioned using 0.6 ml water-saturated ethyl acetate with 20 μ M chrysin (as an internal standard) twice. The combined organic phase was evaporated under vacuum and dissolved in 80 μ l 80% methanol, and 25 μ l was injected for HPLC analysis at 310 nm following calibration with p-coumaric acid. Statistical analysis was carried out using the twotailed t-test on the basis of the data from three biological replicates.
RNA extraction and qRT-PCR analysis. Two-week-old seedlings (at least 50 seedlings for each sample) were used for RNA extraction and qRT-PCR analysis following a previously described method 56 . Statistical analysis was carried out using the two-tailed t-test on the basis of the data from three experimental replicates. All experiments were repeated at least twice with different batches of samples, and representative data are presented. Life Sciences Reporting Summary Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list items might not apply to an individual manuscript, but all fields must be completed for clarity.
For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.
Experimental design
Sample size
Describe how sample size was determined. Each sample of Arabidopsis plant stems or leaves is composed of at least 6 individuals; each sample of Arabidopsis seedlings composed at least 30 individuals. These sample sizes were determined based on our pre-experimental qualification test, in which with such sample size, the non-specific variability between individual plants in phenylpropanoid metabolite and lignin composition analysis could be mostly minimized. These sample sizes were also determined by the availability of plant growth space in growth chambers and the amount of materials required in the analysis.
Data exclusions
Describe any data exclusions. There were no data exclusions
Replication
Describe whether the experimental findings were reliably reproduced.
All attempts at replication were successful. All experiments were carried out at least two (Co-IP-MS) or three time (experiments with quantification).
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
Plants were grouped by genotype, and control plants (wild types or empty vector control plants) were grown at the same time in adjacent pots in the same trays in the growth chambers.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
Blinding was not possible for most of the biochemistry studies, soluble phenolic quantification and lignin content and composition determination, since the entire process was carried out by one investigator. For histonchemical analysis of mutant plants and IPed protein LC-MS analysis, the data were acquired by researchers unfamiliar with the project design.
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Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
Materials and reagents
Policy information about availability of materials
Materials availability
Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a for-profit company.
There are no restrictions on material availability.
